Hypoxia is a component of multiple disorders, including stroke and sleep-disordered breathing, that 32 often precede or are comorbid with neurodegenerative diseases. However, little is known about how 33 hypoxia affects the ability of microglia, resident CNS macrophages, to respond to subsequent 34 inflammatory challenges that are often present during neurodegenerative processes. We therefore 35 tested the hypothesis that hypoxia would enhance or "prime" microglial pro-inflammatory gene 36 expression in response to a later inflammatory challenge without programmatically increasing basal 37 levels of pro-inflammatory cytokine expression. To test this, we pre-exposed immortalized N9 and 38 primary microglia to hypoxia (1% O 2 ) for 16 hrs and then challenged them with pro-inflammatory 39 lipopolysaccharide (LPS) either immediately or 3-6 days following hypoxic exposure. We used RNA 40 sequencing coupled with chromatin immunoprecipitation sequencing to analyze primed microglial 41 inflammatory gene expression and modifications to histone H3 lysine 4 trimethylation (H3K4me3) at the 42 promoters of primed genes. We found that microglia exhibited enhanced responses to LPS 3 days and 6 43 days post-hypoxia. Surprisingly however, the majority of primed genes were not enriched for H3K4me3 44 acutely following hypoxia exposure. Using the bioinformatics tool MAGICTRICKS and reversible 45 pharmacological inhibition, we found that primed genes required the transcriptional activities of NF-ĸB. 46
INTRODUCTION 53
Hypoxia (Hx) is a component of multiple disorders affecting the central nervous system (CNS), including 54 stroke, cancer, sleep-disordered breathing, and apneas of prematurity (1-5). The most common clinical 55 manifestation of pathological Hx is sleep-disordered breathing, a disorder present in 30% of men and 56 common DNA binding factor regulating genes primed by Hx, and its pharmacological inhibition 100 confirmed an important role for this transcription factor in Hx-induced gene priming. 101 102
MATERIALS AND METHODS 103
Cell Culture and Reagents 104 Immortalized murine N9 microglia (RRID:CVCL_0452) were cultured as previously described (34). Cells 105 were verified to be mycoplasma-free. For qRT-PCR experiments, cells were plated in 24-well plates at 106 5x10 4 cells/well. For chromatin immunoprecipitation studies, cells were plated at ~2x10 6 cells per 10 cm 107 plate. For Hx treatments, cells were exposed to 1-1.5% O 2 /5% CO 2 (Hx) or 21% O 2 /5% CO 2 (Nx) for 16 hrs 108 after which time, vehicle (HBSS) or 100 ng/mL lipopolysaccharide (LPS E. coli O111:B4; 500,000 EU/mg; 109 Sigma-Aldrich; St. Louis, MO) was administered for 3 hrs in Hx or Nx, respectively. This level of hypoxia 110 was sufficient to induce hypoxia-sensitive genes and did not result in significant loss of cell viability 111 (Supplemental Figure 1) . For NF-κB inhibition studies, vehicle (DMSO) or 3 µM BOT-64 (Abcam; 112 Cambridge, MA) was added prior to the start of Hx. The dose of BOT-64 was determined by analyzing 113 the concentration necessary to inhibit LPS-induced microglial gene expression (data not shown). 114
Primary microglia were isolated from C57BL/6J (The Jackson Laboratory, Cat# JAX:000664, 115 RRID:IMSR_JAX:000664) mouse line as previously described (35) . Cells were plated at 2.5x10 5 cells/well. 116 For Hx treatments, cells were exposed to 0.1-0.5% O 2 /5% CO 2 (Hx) or Nx for for 24 hrs. The growth 117 medium was replaced with DMEM supplemented with 2 ng/mL murine M-CSF (R&D Systems; 118 Minneapolis, MN) and cultured in Nx for 3 or 6 days prior to LPS treatment. 119
Quantitative RT-PCR 120 qRT-PCR using power SYBR green (ThermoFisher Scientific) was performed as previously described (36) 121 using an Applied Biosystems 7500 Fast Real Time PCR System. All primers (Table 1) were tested for 122 efficiency using serial dilutions, and results were normalized to 18S RNA levels; data analyses were 123 performed using the standard curve analysis method (37, 38). The 18S ribosomal transcript was used as 124 a house keeping gene as our hypoxia treatments did not alter its expression (Table 2) .
7

RNA Sequencing and Analyses 126
For comparisons between N9s exposed to 16 hrs Nx or Hx, total RNA was isolated using Trizol as 127 previously described (36) and submitted to the UW-Madison Biotechnology Resource Center for 128 sequencing and quality control. Stranded cDNA libraries were prepared using the Truseq Stranded 129 mRNA kit (Illumina; San Diego, CA). Sequencing was performed using an Illumina HiSeq 2000. After 130 sequencing and quality control, fastq files containing ~ 35 million reads for each biological replicate (n = 131 3/treatment) were analyzed using the Tuxedo suite (39). Alignment to the mm10 genome was made 132 using Tophat2.1.0 and Bowtie1. Differential analysis was performed using Cufflinks followed by CuffDiff. 133 For comparisons between N9s exposed Nx LPS and Hx LPS, total RNA was isolated using Trizol and 134 samples were submitted to Novogene for library construction and paired-end (PE-150) sequencing with 135 an Illumina NovaSeq. Fastq files containing ~ 30 million reads for each biological replicate (n = 136 5/treatment) were similarly aligned using Tuxedo suite with Tophat 2.1.0. Differential gene expression 137 was analyzed with Cuffdiff. Differential expression was considered statistically significant using an 138 FDR<5%. Results were uploaded to NCBI Geo Datasets (GEO GSE108770; 139 https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE108770). 140
MAGICTRICKS Analyses 141
Putative transcription factors and cofactors driving gene expression changes were identified using 142 MAGICTRICKS (40) . To prepare data for these analyses, we first used the Cuffdiff output to identify 143 genes that were significantly upregulated in Hx LPS relative to Nx LPS (FDR<5%). Next, we subtracted 144 those genes upregulated in Hx relative to Nx from this list. This resulted in a list of "primed" genes. A 145 background list of genes was created using all genes that were expressed according to Cuffdiff output 146 comparing Hx LPS vs. Nx LPS (i.e. genes that had a status of "ok"). These two lists (background and 147 primed genes) were formatted according to MAGICTRICKS instructions and run on the MAGICTRICKS 148 software. Cumulative distribution function graphs (CDFs) and summary Scores were generated in the 149
MAGICTRICKS software. 150
Chromatin Immunoprecipitation qPCR 151 N9 microglia were fixed in 1% formaldehyde at room temperature for 2 mins and lysed in 150 mM NaCl, 152 10% glycerol, and 50 mM Tris (pH 8.0). Chromatin was sonicated to a fragment size of ~500 bp (assessed 153 by gel electrophoresis). Protein was quantified by BCA Assay (Pierce; Rockford IL). Chromatin (125 µg/IP) 154 was incubated overnight in 2 µg of either rabbit polyclonal anti-histone 3 lysine 4 trimethyl (H3K4me3;  155 Abcam, Cat# ab8580, RRID:AB_306649) or anti-Histone 3 (Abcam, Cat# ab1791, RRID:AB_302613) 156 antibodies, and 10% input was set aside until purification. Simultaneously, protein G Sepharose beads 157 (GE Healthcare) were blocked overnight with 0.5 mg BSA. Cleared Sepharose G beads were added to the 158 sheared chromatin for 1 hr, and the chromatin was washed and reversed cross-linked as previously 159 described by other research groups (41). DNA was purified by phenol chloroform extraction and 160 quantified (primers in Table 1 ) using an ABI7500 FAST and POWER SYBR Green (ThermoFisher Scientific). 161
H3K4me3 enrichment was quantified relative to the 10% input control. 162
H3K4me3 Chromatin Immunoprecipitation Sequencing (ChIP-seq) and Analyses 163
Chromatin was immunoprecipitated with anti-H3K4me3 antibodies (n=3 independent biological 164 replicates) and submitted to the UW-Madison Biotechnology Center for Illumina sequencing. Fastq files 165 were processed by ProteinCT (Madison, WI) using Bowtie2 to the mm10 genome. Combined tag 166 directories for each treatment (including three 10% inputs samples) were created using HOMER (42). To 167 examine overall H3K4me3 peaks, unique peaks were called using Homer's findPeaks.pl script using the 168 default four-fold above their respective input controls. Results were uploaded to Geo Datasets (GEO 169 GSE108770; https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi). Tag density files (TDF) were visualized 170 with the Integrative Genomics Viewer (IGV) (43).
Analysis of H3K4me3 ChIP-seq for beta-glucan primed human monocytes 172
To analyze previously published data (GEO GSE34260) of human monocytes primed with β-glucan (20), 173 we extracted H3K4me3 ChIP-seq fastq files for replicate human monocyte samples (n = 2) treated with 174 either RMPI or β-glucan. Fastq files were aligned to the hg38 genome with Bowtie2. Tag directories were 175 created using Homer's makeTagDirectory, and consensus directories for replicates were made using 176 makeTagDirectory with -single parameter. Because this dataset had no input control, the RPMI 177 consensus Tag Directory was used as background for calling peaks with Homer's findPeaks using the -178 style factor parameter. Peaks were called when they were 1.4-fold higher than background. To better 179 compare β-glucan-induced peaks to Hx-induced H3K4me3 peaks, we similarly reanalyzed the N9 Nx and 180
Hx H3K4me3 Tag Directories using the consensus Nx H3K4me3 tag directory as background instead of 181 the 10% input. Gene ontology for Biological Process was performed on H3K4me3 peaks that were 182 enriched between -1kb and +300 bp of the transcription start site using STRING analyses (44). 183
Gene Ontology Analyses 184
Gene ontology for KEGG Pathway enrichment and for Biological Process was performed using the 185 STRING software (44). For these analyses, background gene lists were provided based on the Cuffdiff 186 output for RNAseq comparisons. Genes that had a status of "ok" on Cuffdiff output were considered 187 expressed genes and used as background for bioinformatic analyses. For ChIP-seq analyses, whole 188 genome was used as background. 189
Flow Cytometry for Cell Viability 190
Microglia were stained with eFluor 780 live/dead (eBioscience 65-0865-14). Flow cytometry was 191 performed using a BD Fortessa Flow Cytometer (gating strategy, Supplemental Figure 1 ). FCS files were 192 analyzed using FlowJO v.10.0.7 software.
All statistical analyses for non-genomic work were performed using SigmaPlot (Systat Software, San Jose 195 CA) unless otherwise noted. Tests for normality were done prior to statistical tests that require 196 normality. Non-normal data was log transformed and assessed for a log-normal distribution. The 197
Grubb's Test was used to identify outliers. Statistical significance (set at p < 0.05) was determined using 198 a Two-way repeated measures ANOVA (Two-way RM ANOVA), or paired t-tests, followed by a Sidak post hoc test when applicable. P-values between 0.05-0.1 were considered to be statistical trends. 200
RESULTS 202
Hx induces global gene transcription changes in microglia and upregulates immune-and glycolysis-203 related genes. 204
To identify the effects of Hx pre-exposure on subsequent microglial responses to an inflammatory 205 challenge, we first tested the global effects of Hx alone on microglial gene transcription. We exposed 206 microglia to 16 hrs of Hx (1% O 2 ) or Nx (room air), and isolated total RNA for sequencing. Differential 207 expression analyses with Cufflinks revealed large changes in the transcriptional program, with Hx 208 upregulating 1,119 genes and downregulating 1,432 genes relative to Nx ( Figure 1A ). Similar to the 209 effects of Hx reported in other cell types (32), KEGG Pathway analysis demonstrated that genes 210 upregulated by Hx were primarily involved immune system and metabolic function. Specifically, genes 211 upregulated by Hx were significantly enriched in the categories of "cytokine-cytokine receptor 212 interactions", "glycolysis", and "HIF-1α signaling pathway" ( Figure 1B) . Many of the genes enriched in 213 these categories were chemokine receptors, such as the fractalkine receptor "CX3CR1", or genes 214 associated with glucose metabolism such as phosphofrutokinase Liver Type (PFKL) and Hexokinase 2 215 (HK2; Figure 1C ). Together, these results support that Hx induces a global shift in microglial gene 216 expression, and similar to other models of immune gene priming, that Hx upregulates a transcriptional 217 program related to glucose metabolism. 218
Hx primes pro-inflammatory gene transcription. 219
We next compared the transcriptomic effects of Hx to the inflammatory stimulus LPS and tested if Hx 220 pre-exposure could enhance LPS-induced gene transcription. We exposed microglia to 16 hrs of Nx or Hx 221 followed by 3 hrs of LPS (100 ng/mL); after 3 hrs, we isolated total RNA for sequencing analyses. As 222 expected, LPS alone in Nx elicited a global change in gene expression, upregulating 4,047 genes ( Figure  223 2A; left). In comparison, Hx alone upregulated 1,119 genes. There were 427 overlapping genes that were 224 upregulated both by Hx and by LPS ( Figure 2B ; top), demonstrating that LPS has additional effects on 225 global gene transcription that are unique from Hx. Importantly, Hx pre-exposure prior to LPS addition 226 enhanced the expression of 2,313 genes (Figure 2A ; right). Of these genes, 698 were a consequence of 227
Hx alone, leaving 1,615 genes that were enhanced by LPS with Hx without being programmatically 228 increased by Hx alone (Figure 2B ; Bottom). These are genes that we refer to as "primed" because their 229 gene expression was unchanged by the Hx stimulus alone but was still enhanced by Hx exposure prior to 230
LPS stimulation (when compared to LPS stimulation alone). 231
We next used KEGG Pathway analysis to categorize the types of genes upregulated by LPS and those 232 primed by Hx ( Figure 3 ). We specifically examined the top 10 most significantly enriched gene 233 categories. As expected, many LPS-induced genes were associated with immune-related categories such 234 as "cytokine-cytokine receptor interactions" and "complement and coagulation cascades", and 235 infections such as "Influenza A". Many of the gene categories identified following LPS treatment were 236 also enriched in the primed genes (red bars indicate gene categories shared with LPS-induced genes). 237
However, many gene categories were also unique to Hx, such as "cell adhesion molecules" and "NOD-238 like receptor signaling pathway" (categories represented by blue bar are enriched in Hx conditions only). 239 Importantly, Hx-primed genes, genes that were not augmented by Hx alone but whose expression was 240 enhanced in the presence of LPS, had unique categories that included "pathways in cancer" and "NF-ĸB 241 signaling pathway". These results suggest that Hx-primed genes may be unique players in inflammatory 242
processes. 243
Lastly, we identified which Hx primed genes had the largest fold change in expression following LPS 244 treatment. We took the top 100 primed genes with the largest fold changes and submitted them to 245 STRING analyses to identify relationships between the proteins encoded by those genes (Figure 4 ). For 246 these analyses, we used the "highest confidence" settings and removed unconnected nodes. The results 247 demonstrated that IL-1β and JAK2 were two of the nodes with the most connections, and the genes 248 encoding IL-1β, IL-1α, and NOS2 had some of the largest fold changes in expression. These findings 249 suggest that the largest Hx primed gene changes occur in those encoding pro-inflammatory molecules. 250
Hx induces global enrichment of H3K4me3 at immune-and glycolysis-related genes, but not at primed 251
genes. 252
Previous studies examining HIF-1α-dependent gene priming demonstrate that H3K4me3 is enriched at 253 primed genes (20, 21, 29), possibly accounting for long-term enhancement of subsequent inflammatory 254
responses. Thus, we tested if Hx-primed genes similarly displayed H3K4me3 enrichment at gene 255 promoters in microglia. Using H3K4Me3 ChIP-seq followed by peak analyses in Homer (42), we identified 256 17,658 unique H3K4me3 peaks that were induced by Hx ( Figure 5A ). As expected, most of these peaks 257 fell near transcription start sites (TSS; Figure 5B ). While many of these peaks were found at the TSS of 258 glycolysis-related genes like Vegfa, pro-inflammatory cytokines like Il1b did not have peaks enriched at 259 the TSS ( Figure 5C ). Il1a also did not have a peak at the TSS, but it should be noted that Il1a has a non-260 canonical promoter lacking TATA and CAAT box regulatory regions (45) and that Il1a expression is 261 regulated by a downstream anti-sense transcript in the region demarcated Gm14023 (46). This 262 downstream genomic feature did display an Hx-induced peak ( Figure 5C ). 263
When examining the H3K4me3 peaks that were increased by Hx and that fell within -1kb and +300 bp of 264 the gene TSS, we identified only 96 peaks correlating with genes that were primed by Hx ( Figure 5D and 265 Supplemental Figure 2 ). These observations suggest that most primed genes are not associated with induced H3K4me3 enrichment, unlike what has been reported by others (20, 29, 47). However, it should 267 be noted that our analyses only examined peaks that were increased by Hx, and that many primed 268 genes already possessed H3K4me3 at the TSS. Nevertheless, we conclude that increases in H3K4me3 do 269 not likely account for gene priming effects induced by Hx. We next examined genes that were 270 upregulated by Hx and that also had concomitant increases in H3K4me3 ( Figure 5E ), genes that were not 271 "primed" by definition. KEGG Pathway analyses confirmed that these genes were most enriched in the 272 categories of "HIF-1 signaling pathway" as well as "cytokine-cytokine receptor interaction", indicating 273 that Hx, as expected, enriches H3K4me3 at genes upregulated by Hx, which are involved in immune-and 274 glycolysis-related pathways. 275
Hypoxia and β-glucan increase H3K4me3 at unique genes involved in cell metabolism. 276
Given that our results support an H3K4me3-independent mechanism of gene priming, we compared our 277
H3K4me3-induced peaks to those identified in human monocytes primed with β-glucan ((20); Figure 6 ). 278
The β-glucan dataset had much greater H3K4me3 enrichment than the Hx dataset. Therefore, we 279 analyzed the β-glucan dataset using two peak thresholds: 1.4-fold above background ( Figure 6 ) and 4-280 fold above background (Supplemental Figure 3) . We compared the peaks identified using both 281 thresholds to those we identified in our Hx dataset (which used the 1.4-fold threshold); both 282 comparisons yielded similar outcomes in terms of the gene categories enriched with H3K4me3. When 283 peaks were called at 1.4-fold above background, β-glucan induced ~8000 H3K4me3 peaks at gene 284 promoters, whereas Hx only induced ~700 H3K4me3 peaks ( Figure 6A ). Interestingly, more than 50% of 285
Hx-induced H3K4me3 overlapped with β-glucan-induced peaks ( Figure 6A ). We analyzed this list of 286 overlapping genes using STRING (44). While no KEGG Pathway categories were enriched with our Hx 287 gene list, gene ontology for Biological Process revealed that H3K4me3 peaks shared between the Hx and 288 β-glucan datasets occurred at genes involved in metabolic processes ( Figure 6B ). Together, these results 289 suggest that H3K4me3 enrichment occurs at metabolic genes, rather than immune-related genes. 290
MAGICTRICKS reveals multiple transcription factors that putatively regulate Hx primed genes. 291
Since changes in H3K4me3 do not likely account for Hx-induced gene priming, we used MAGICTRICKS 292 (40) to explore other putative chromatin modifiers that could be associated with Hx-induced gene 293 priming. MAGICTRICKS utilizes a matrix of maximum ChIP-seq scores for every transcription factor at 294 every gene analyzed in the ENCODE database (48). We added to this matrix a HIF-1α track 295 (GSM3417785_16h_PM14_1_peaks from GEO # GSM3417785) from cells exposed to similar paradigms 296 of Hx described here, and we confirmed that this track recognized HIF-1α regulated genes by analyzing 297 our list of genes upregulated by Hx (Supplemental Figure 4 ). We then used MAGICTRICKS to analyze our 298 list of genes primed by Hx (Figure 7 ). Results showed that our gene list was significantly enriched for 299 multiple transcription factors and cofactors related to immune system function including Stat3, Ezh2, 300 and NF-ĸB ( Figure 7A , B) and surprisingly, not HIF-1α. These results indicate that mechanisms of gene 301 "priming" induced by Hx are distinct from those genes that are simply upregulated by Hx alone, and that 302 there are likely multiple factors regulating the expression of primed genes. 303
Since KEGG and STRING analyses had previously identified the NF-ĸB pathway as a category of genes 304 primed by Hx (Figures 3 and 4) , we compared the MAGICTRICKS list of genes regulated by Stat3 vs. NF-305 ĸB; Stat3 was the top transcription factor identified by MAGICTRICKS as the most common factor 306 involved in regulating the Hx-primed genes. Thus, we took the genes with the top 100 ChIP scores for 307 NF-ĸB and Stat3 and subjected them to KEGG Pathway analysis ( Figure 7C ). Interestingly, for Stat3, only 308 two categories were enriched, "osteoclast differentiation" and "necroptosis". However, for NF-ĸB, 309 multiple immune signaling-related categories were enriched including NF-ĸB pathway. These results 310 reveal very different functions for the genes that are regulated by Stat3 vs. NF-ĸB, and they demonstrate 311 that the priming of pro-inflammatory cytokines may be more regulated by NF-ĸB.
Pharmacological NF-ĸB inhibition attenuates Hx-induced inflammatory gene priming. 313
The MAGICTRICKS results suggested that NF-ĸB may be a mediator of Hx-primed pro-inflammatory 314 genes. Thus, to test if NF-ĸB signaling contributed to Hx gene priming, we cultured microglia in Hx or Nx 315 in the presence or absence of BOT-64, a reversible inhibitor of I kappa kinase 2 (IKK2), which prevents 316 NF-κB activation (Figure 8 ). We then washed out the inhibitor, stimulated with LPS, and isolated cells for 317 gene expression analyses of Il1a and Il1b, two of the cytokines with the largest fold gene changes in LPS-318 induced transcriptome analyses after Hx priming (Figure 4) . 319
Results showed that in vehicle-treated control cells, there was no main effect of BOT on Il1b (p=0.932) 320
nor Il1a (p=0.200) mRNA levels ( Figure 8A ; Table 3) ). However, there was a main effect of Hx on Il1b (p= 321 0.003) and Il1a (p=0.003) gene expression. Posthoc analyses revealed that Hx had a small, but 322 statistically significant effect on Il1b (p< 0.001) and Il1a (p < 0.001), increasing their expression 323 approximately 2-fold and 6-fold, respectively, relative to Nx vehicle conditions. Interestingly, in the 324 presence of NF-ĸB inhibition, Hx lost its ability to upregulate Il1a gene expression relative to Nx (p = 325 0.104), suggesting that NF-ĸB contributes to Hx-induced upregulation of Il1a expression. Following LPS 326 treatment (Table 4 ; Figure 8B ), there was a main effect of Hx on both Il1b (p=0.005) and Il1a (p=0.003) 327 expression. Posthoc analyses revealed that Hx significantly enhanced (primed) LPS-stimulated Il1b 328 expression by about 2-fold (p< 0.001) and enhanced Il1a expression by about 4-fold (p < 0.001). There 329 was a main effect of IKK2 inhibition on Il1a expression (p=0.003), but not on Il1b expression (p=0.108; 330 Figure 8B ). Additionally, there was a significant interaction between IKK2 inhibition and Hx for Il1a (p= 331 0.020), and a trending interaction for Il1b expression (p=0.085). Posthoc analyses showed that BOT 332 treatment and washout prior to LPS exposure was effective as it did not significantly alter LPS-induced 333 levels of Il1b (p=0.929) nor Il1a (p=0.959) in Nx. Importantly, after BOT exposure during Hx, there was a 334 significant reduction in the magnitude of Hx-induced gene enhancement by LPS, both for Il1b (p = 0.026) and Il1a (p = 0.016) gene expression. BOT reduced Hx gene priming of Il1b by approximately 50% (p= 336 0.016) and Il1a by 60% (p< 0.001). Overall, these data support the idea that NF-ĸB contributes to 337 hypoxia-induced priming of pro-inflammatory cytokines. 338
Hypoxia primes microglial pro-inflammatory gene expression 3 and 6 days after exposure. 339
We lastly tested if Hx could enhance microglial responses to inflammatory stimuli multiple days after the 340 removal of the initial Hx exposure. For these experiments, we used primary microglia because they can 341 be cultured for multiple days without the need to passage. Remarkably, we found that 3 days ( Figure 9A ; 342 Table 5 ) and 6 days ( Figure 9B Il1b (p = 0.038) and Il1a (p = 0.014). Posthoc analyses confirmed that LPS-induced Il1b gene expression 345 was 2-fold higher in microglia pre-exposed to Hx compared to microglia previously exposed to Nx (p = 346 0.002). Similarly, LPS-induced Il1a gene expression after Hx exposure was ~2.2 fold higher than after Nx 347 exposure (p < 0.001). At 6 days post-Hx ( Figure 9B ; Table 6 ), a primed Il1a response to LPS (p =0.013) 348 and a trending Il1b response (p = 0.094) persisted, suggesting that Hx leads to modest (20-50%), yet 349 long-lasting enhancement of LPS inflammatory gene responses. 350
351
DISCUSSION 352
We tested the overall hypothesis that Hx, like low dose pathogen exposure, can prime the microglial 353 inflammatory gene response to a subsequent inflammatory stimulus in vitro. Our results demonstrated 354 that a Hx stimulus that activates glycolytic metabolic pathways can robustly prime microglial responses 355 to a subsequent inflammatory challenge, both within 3 hrs and up to 6 days following the removal of Hx. 356 Although these are in vitro results, they are consistent with the pathogen priming literature in 357 macrophages that was also done in vitro. That Hx augments microglial inflammatory gene expression 358 has significant relevance in the context of Hx brain injuries, including ischemic stroke, in which the CNS 359 tissue becomes completely anoxic (49) . Given that multiple Hx brain disorders, including stroke, are 360 associated with neurodegenerative disease (50) and aberrant inflammatory microglial activities (51), the 361 results presented here provide evidence for a novel mechanism whereby microglia can be altered long-362 term by hypoxic brain injury, potentially making the brain more susceptible to a subsequent or ongoing 363 injury or disease. 364
While our results indicate that Hx has profound effects on microglial inflammatory activities, the level of 365
Hx and the cellular microenvironment are likely important determinants of any long-term effects of Hx 366 pre-exposure, particularly in vivo. Other studies have demonstrated that certain paradigms of sustained 367
Hx in vivo can actually dampen peripheral leukocyte glycolytic metabolism long-term (52), leading to 368 improved survival outcomes after subsequent pathogen infection. Although this is consistent with our 369 findings that Hx can have long-lasting effects on microglial inflammatory gene expression, they also 370 contrast with our observations that Hx enhances genes related to glycolytic metabolism. Additional 371 evidence signifying the importance of the Hx paradigm on microglial functions, neonatal microglia 372 exposed to intermittent Hx do not exhibit upregulated glycolysis-related gene expression and further, Therefore, the baseline changes we observed as a result of Hx alone, including increases in glycolysis-375 related gene expression, may be an important indication of whether microglia will exhibit enhanced or 376 attenuated gene responses to a subsequent inflammatory stimulus. 377
The idea that cellular metabolism plays a critical role in Hx priming effects is supported by the 378 similarities between our Hx priming in microglia and pathogen priming in peripheral monocytes. Both 379 models demonstrate increased expression of immune-and glycolysis-related genes, and concomitant 380
H3K4me3 enrichment at many of these genes (20, 21, 29, 54). However, unlike the β-glucan and 381 pathogen priming literature (20, 47), we find that the majority of inflammation (i.e. LPS)-induced genes 382 that are enhanced by Hx pre-exposure, including pro-inflammatory cytokines, are not further enriched 383 with H3K4me3 following Hx exposure. This suggests that alternative mechanisms to H3K4me3 at pro-384 inflammatory genes may play a role in the ability of pro-inflammatory cytokines to be enhanced by 385 subsequent stimuli long-term. Since the most significant categories of genes enriched with H3K4me3 386 after Hx exposure (including genes shared with the β-glucan dataset) involved cell metabolism, it is likely 387 that H3K4me3 peaks do contribute to long-term Hx effects by changing gene expression related to cell 388 metabolism, thereby promoting a more pro-inflammatory cell phenotype. Additionally, while the 389 evidence presented here suggests that H3K4me3 does not directly regulate pro-inflammatory cytokine 390 gene expression for the majority of primed genes, it does not exclude the possibility that the few pro-391 inflammatory cytokines that do have increased H3K4me3 (Supplemental Figure 3) are important in the 392 long-term effects of Hx. 393 In the search for transcription factors and cofactors that could be responsible for regulating Hx-induced 394 gene priming, MAGICTRICKS identified multiple transcription factors including NF-ĸB. Pharmacological 395 studies verified a role for NF-ĸB in primed pro-inflammatory gene regulation, complementing other 396 studies using low-dose LPS as a priming stimulus, which also identified a role for NF-ĸB in enhanced inflammatory gene responses to a subsequent inflammatory challenge (54, 55). However, the results 398 from MAGICTRICKS also revealed that it is very likely that multiple DNA binding factors work in concert 399 with NF-ĸB to regulate Hx-mediated priming of pro-inflammatory genes. Surprisingly, HIF-1α was not a 400 significant regulator of these genes. While HIF-1α likely contributes to gene priming by regulating 401 changes in metabolism-related genes, the MAGICTIRCKS analyses demonstrated that primed genes have 402 a unique set of transcriptional regulators compared to genes that are upregulated by Hx alone. 403
Altogether, our results demonstrate that in vitro Hx primes the microglial inflammatory gene response 404 to a subsequent inflammatory stimulus, both acutely and long-term, in the absence of H3K4me3 405 enrichment at primed genes. This suggests that Hx is a unique stimulus that when applied alone, does 406 not robustly increase pro-inflammatory cytokine gene expression. However, when it is delivered prior to 407 a more robust inflammatory stimulus, Hx can profoundly enhance the ability of microglia to upregulate 408 pro-inflammatory cytokine expression, thereby potentially enhancing microglia immune function. Thus, 409
Hx pre-exposure may contribute to aberrant CNS processes and provide a mechanism whereby the 410 more complex, long-term effects of Hx can influence microglial function in the context of neural injury 411 and neurodegenerative disease. 412
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